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ADSTRAC?T 


This paper describes an x-ray svectrometer designed for use at 
the M.I.T. linear accelerator. The spectrometer is a three~esunter 
telescone with # thin lead radiator between the first and second coun- 
ter. The first and second counters are thin plastic scintillators; 
the third, a thick plastic scintillator. An acceptable event is one 
in which there is no pulse in the first counter and a doubly toniszing 
pulse in the second counter in coincidence with the third courter. 
Such events should be elecatron—positron pairs originating only in the 
radiator. To a first approximation, the swa of the pulse heights pro 
duced in the second and third counter is proportional to the incident 
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Ie INTRODUCTION 


The intention of this paper is to describe an x-ray spectrom- 
eter designed for use at the Me. I. Te linear accelerator. The spec~- 
trometer is a three-counter telescone with a thin lead radiator between 
the first and second counter. The first and second counters are thin 
Plastic scintillators; the third, a thick plastic scintillator. An 
acceptable event is ons in which there is no pulse in the first covn- 
ter and a doubly ionizing pulse in the second counter in coincidence 
with the third counter. Such events should be electron-positron pairs 
originating only in the radiator. Toa first approximation, the sum 
of the pulse heichts prodwed in the second and third counter is vro- 
portional to the incident x-ray energy. This chapter is devoted to 
explaining the need for a spectromter of this typ? at the linear 
accelerator. 

Five~ to 25<Mev x-rays are known to interact strongly with 
miclei. Among the heavier elements, as much as 2 p:reent of the total 
absorption coefficient for 25—Nev bremsstrahlung is of nuclear rather 
than atomic origin. Most of the experiments have investigated the 
emission of heavy particles following photon absorption. Recently, 
however, some measurements have been mde of muclear absorotion coof- 
ficients in good geometry transmission gueteue and of lerge- 
angle seattering of bremsstrahlune’. 
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The Me. Ie Te linear accelerator is 10 to 100 tims as strong a 
source of S— to 17—Mev x-rays as the usual betatron of comparable 
energy.e This accelerator can furnish average electron currents of 
about 2 microamperes. It is, however, a pulsed mchine with a duty 
ratio of only 10™, and during the 1 microsecond pulse, the current 
reaches peaks of about 50 milliamperes. The lowecuty ratio of the 
accelerator is a vary important factor in the design of an x-ray spec- 
trometer for use at the #.I.T. linear accelerator. The counting rate 
of a detector can be no more than ea few counta per second, ard the 
datector must be able to operate in the presence of a very hich level 
of background radiation (low-energy photons and fast neutrons) vree~ 
ent during the 1 microsecond pulse. One mst use this high photon 
intensity of the accelerator to obtain energy resolution, good geom 
etry, or small target sise, rather than to obtain high counting rates. 

A second limitation of the “. I. Te linear acovlerator as a 
photon source imposes further restrictions on a photon detector. The 
electron enerzy spectrum of the accelerator is not only far from 
monochromtic, but it is difficult to keep the spectrum constant dw~ 
ing a ron and difficult to reproduce the same spectrum an subsequent 
runs. Tf one is to use all the current available and, say, thick- 
target bremsstrahlung in order to mike as strong a photon source as 
possible, it is: 

l. Mecessary to monitor the photon spectrum itself 
rather than the electron current; and 
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2. Very desirable to obtain ae moh information as pos- 
sible from a single run. 

The most efficient vhoton detector with reasonable resolution 
49 a large volum of MaT. Such a spectrometer has been constructed 
by Koch?. Koch's best detector is 2 total absorption spectrometer 
with 11 pereant resolution at 11 Mev, employing a Mal crystal 5 x § 
inches. His 2 x 2 x S-ineh NaI erystal gives about 20 psreent resolu- 
tion at 10 Mev. For use at the accelerator, the expense of such a 
large amount of NaI would perhaps be justified were it not for 

1. The extrem sensitivity of Nal to photon radiation; 
2. Ite relative slow decay time of about 0.3 u see. 

The first limitation requires the spectrometer to be enclosed 
in a massive amount of ahielding. Ina larve-angle photon scattering 
experiment, the signal would need to be clipped to a fraction of the 
decay time of Nal to reduce pile-up of Compton recoil electrons. The 
differential cross section for Compton seattering at 90 degrees is as 
much as 10° times as large as crogs sections one would like to measure, 
and the pile-w of the aporoximtely half Mev Comston seattered photons 
during the 1 » second accelerator vulse is 2 serious sroblem with eny 
photon detector which involves pulse-heicht amilysis. 

The best energy resolution in the S— to 1?-lhw region 1s ob- 
tained with a mognstic pair sosctromter. Walker an! VeDanie 1! ere 
among the first in this field and obtained a solid angle times effi- 
etency of aporoxinately 107? with an energy resolution (width at half 
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maximum) of 5.5 percent. Currently, the best energy resolution in 
the 5- to l7-Mev erergy range is obtained by Kinsey and Partholomn® . 
using a similar improved version of Walker and MeDaniel's magnetic 
pair spectrometer. Using a he7 milligram/em” gold radiator, Kinsey's 
best half-width 1s 1:0 kev, independent of photon energy. 

The linear accelerator is a sufficiently strong source of 
xrays to enable one to utilise a high-resolution, low-efficiency 
magnetic vair svectromter. It should be able to masure the entire 
emrgy spectrum at one tim: hence, it would have many chamels and 
be of large sizes 

Another type of spectromter, mown as the three-crystal scin- 
tillation spectreneter””< » employing three Mal 1-1/2 inch diamter 
crystals proves useful in the h~ to l2-iey energy range. A typical 
sovengeuent” employs two 1-1/2 inch by 1 inch thick Nal crystals as 
annihilation radiation detectors and a center 1-1/2 inch by h inch 
long Nal cryetal which measures the energy of the coincidence pair. 
Counter efficiency at 6 Wev is about 10%, ond width at half mocimun 
is 7 percent. 

Energy resolution with this three-crystal scintillation spec~ 
trometer at 11 ‘ev is 11 percent. In addition to these limi tations 
imposed by the linear accelerator on the Nal total absorotio svec- 
tromter, the three-erystal scintillation spectromter depends on 
0.51~Mev photons in coincidence for its resolution, and hence in not 
easily adaptable for use at the .I.T. linear accelerator. 
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A fourth aporoach to the problem hae been attempted, which 


should provide: 
le 
26 
3e 
he 


Approximtely 10 percent resolution at 10 Mev; 
Small. dimensions and ease of shielding; 
Solid~angle tims efficiency of about 10™; 
Ability to measure an entire spectrusa of photens 


from 5- to 17—Mev at a single run with several bins per resolution 


width; 
Se 


Simplicity and economy as far as the actual detec- 


tien is concerned. The major investment would go into the design and 


construction of aeseciated electronic equipment. This sam eculpment 


would be useful for other projects at the %. I. T. accelerator (see, 
for example, Be de Sawtelle, So Me Thesis, MeTeTe, May 1955). 
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ITs APPARATUS 


DESCRIPTION OF SPECTROMETER 

The spectrometer scintillators are commeretally availabie 
"PLlot 3" erystala, density 1.93, polyvinyl toluene, para-terphenyl, 
pare—para-orei me diphenyletilbens??. Prelisinary measurements indicate 
a decay time of less then 3 x 10° mete”. Figure 1 shown to scale 
the physical arrangement of the svectromter. The beam of phetons 
from the source being surveyed is collimted by mane of a half-inch 
hole ina Jeinch thick lead disk. The collimted ohotens ars then 
incident on a lead foil where they interact forming naires and Comm 
tom recoil electrons. This foil ie knowm as the "converter." The 
converter 4s one-half inch in diameter, cemented to a thin lucite 
ring. The converter fits flush against scintillator No. 2, which in 
turn is held flush against scintiliater No. 1. Mo. 2 scintillator is 
@ cylinder 3/) inch in diameter by 3/16 inch thick; No. 1 seintille- 
tor is a tapered cylinder 3 inches lonc, tapering from 2-1/) inches 
in diameter to 1-1/2 inches in diameter one-half inch fromthe emi. 
Mgeure ? shows the shene and arrangement of the plastic scintillators. 

Seintiliator No. 1 has all ite oven faces wrapped in lem 
alverirwm foil to ismreve the licht collection ani to separate onti~ 
eally scintillator Mo. 1 from scintillator No. 2. The seintillation 
wit comprises the plastic scintillator, ontieal coupling, and 
elected RCA 5819 shatotube. Ficure 3 shows to seale the mthod of 
construction of unit Fo. 1. 
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Figwre 1 
Physical Arrangement of the Spectromter 


The axis of scintillater unit io. 3 is 
perpendicular to both the axis of unit 
Noe 2 and unit No. l. 
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Figure 2 


Arrangement and Shanea cf the 
Plastic Scintillators 


Plastic scintillator Mo. 2 is a push fit into 
the lucite light pipe. The converter, No. 2 
scintillator, and scintillator No. 1 are held 


tegether by a clam arrangement. 


SYHOLVTHLNIOS O1LSV Id JO LNAWSONVYESV 


(EF ,) AOLOIHUIDS IUNSOVId yout ¥, 


/ 





yaysanuo0Dy Gd uiyL 


(2 ,) JOIONNNLUIIS >4s014 /” 
WIG. “a2 


oe. / 


adig yyO!q ay19N7 


(tg) AOPDIJNUIDG IWSOid ae 








: 7 es 





Slot for flush fit 
Scintillator’ 2 


| 2 
Scale: Inches 


Aluminum Cylinc 
Mu Metal Shiel 


Plastic Scintillato 
5819 Phototube 


~~ 
) 
O 
) 
2. 
Y) 
ed) 
= 
O 
= 
a} 


O 











S| SS \ <a aes amen Van 


; 
q 
Y 














| DRABWABWMEAT 


rahe 


wil 
Se ee SS SS 
ABBBLSVELBaABEEULLE EERE DD 





dWWVWSSESVSOAOUAS 






+ 
Rae aass 


O00 _. 
3Se29 Oo 
ax a) 
OC od 


"O'Ring Seal 


SCINTILLATION UNIT“! 


-10—= 


Seintilletor mit Bo. 2 has a 1-1/2 inch diamter, 2 inch long 
lucite light pipe, to which is serewed the 2-1/2 inch lucite light 
pipe shown in Figure 2. Seintillator No. 2 1s inserted in the light 
pipe (push fit, Nujol optical seal). The converter holder fite into 
a larger diamter, 1/; inch thick lucite ring which clams unit No. 1 
and wnit No. 2 together. 

Seintillator No. 3 is 1/8 inch by 1-1/8 inch, rectangular cress 
section, 2 inches long (show in Figure 2). This domino~shaped plas- 
tie acintillator is held by a lucite clamp s0 that the standard 1-1/2 
inch diamter lucite licht pips (ae deseribed for acintillator No. 2) 
looks at it end on. 


BIECTRONIC CIRCUIT 

The experimental equipment is shown in the block diagram of 
Pigure i. ‘The zain of the system is calibrated by introducing arti- 
ficial pulses (employing a Western Electric 2753 relay to develop 
pulses of proper shape) into the input of the preamplifier. The 
height of these pulece is measured te an accuracy of a few tenths of 
a percent. The preamplifier is physically located as an integral 
part of the seintillstion unit, bolted to the end of the alwaimm 
housing of Ficure 3. Pulses are then amplified times 30 in an ampli-~ 
fier whose rise time is 0.0) » second. Unit Noe 1 and unit Noe 2 
have two outputs. One outout goes to the coincidences circuit ani 
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the other to the addition circuit. The coincidence outputs from 
unit No. 1 and wit Nos 2 are delay—line clipned to 0.0% p» second 
and delayed by 0.03 u second to al low tim for anticoincidence 

pulse Noe 3 to function. These pulses are amplified and fed into an 
RFP 60-pulee shaper. The function of D2 is to discriminate ageinet 
the Coamton reeoil electrons. 01 allows the biasing out of low-enercy 
photons if destred. The output of EFP 60 Noe 3 goes to the grid of 
the Noe 2 Philins tube. Since the two inpute of the No. 2 ErP 60 
are out of phase, if a signal exists at Wo. 3, there is no output 
from No. 2. Ths outputs of the No.l and No. 2 pulse shavers to ro a 
diode brides. 

The measurement of the resolving time of the spectromter was 
experimentally determined, weing the Mev flucorim gammeray, to be 
0.057 4 second, as shown in Figure 5. A DuMont 6292 phototube was 
tried in unit No. 1 but proved to be unsatisfactory. The fluctua- 
tions in the transit time for the DuMont tube were so large that the 
cable curve was not flat on top. 

Tne other outputs from the No. 1 am Wo. 2 (x 30) amplifiers 
are added, clipped to 0.09 « second, stretched, and amplified as 
shown by the block diagram of Figure 6. The output from the diode- 
bridge coincidences cireuit trigsers a wmivibrator vhich forme a 10 
secon! vate. If the pate is open, the added pulse eets through and 
is amplified an! then is sulse height analysed. 
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Figure 
Block Diagram of Experimental Youlnment 


The eddition and gating cirenit is shown in 
Figure 6, the pulge-height analysis ctrevit 
in Firws 7. 
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Figure 
Sable Curve 


RG 63/U was used in conjunction with e 
FI9(5 a 'y) source to determine experimen 
tally the resclivng time of the spectrom 
eter. fach run was normalised to the 
game nupber of protons incident on the 
proton target. 
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The pulse-heicht analysis cireuit—block diagram is riven in 
Fisure 7. The basic nmrinciple of this pulse-height analysis is 
that pulse height is chanced to time by a condenser discharging at 
constant current through a pentode. This tim is accurately meas~ 
vred by beating a cryrstalecontrolled oscillator on the triangular 
pulse and counting the oscillator pulees by a conventional binary 
scaler. This circuit is known as the "Multichannel Differential 
Diseriminater,” and its detailed cireuit diagram may be found on 
file 6132, laboratory for Nuclear Sctence, M. I. T., Duge No. 
De2231—A. The output of the sealer goes to a buffer amlifier 
and then to one of two (or both simultaneously) mthods of record- 
ing the reading of the scaler. 

Figure & shows one method of data recording. This mthod 
orovides a 12%~charmel recording pulse-height analyzer. Six scaler 
lights are in a light—tight box where they are recorded by a stand~ 
ard lé-mm movie camera extermally driven at aporoximtely 9 inches 
per minute. The framing pawl of the camera ia removed to achieve 
continuous movement of the ftim. This is necessary, since the film 
ie@ "fremed" even though the camera shutter has been removed and made 
inoverative. A clock is an added feature for future identification. 
The film is read most easily by scanning it on a standard l6-0n 
microfilm reader. The pulser is turned on rveriodically during a rum 
for calibration purposes. Reading time varies from 150 ~ 100 counts 
per hour, depending on energy ari counting rate. 
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Figure § 
Method of Recording Scaler Lights 


The rectangular bex shown in the figure is 
light—ticht and e standard l6—mm movie 
camera, equipped with a short focal length 
isns, records the fact that the gate was 
opened and the channel member. The film is 
externally driven at 9 inches per minute. 
The clock is far identification of the run. 
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The second mthod of recording the output of the analyzer in 
on a set of sixteen mercury registers. issentially, the binary sys- 
tem of the scaler lights is converted into a scale of sixteen by 
means of a diode matrix. The sixteen recisters can be set (by selec- 
tor switch) to cover: 

ae Channels 0-15, 1631, 32-17, ..-, 112-127; 
be Channels 0-31, 32-6), ete; or 
¢e Channels 0-63 ami 61-127. 

Investication of the overall electronic stability of the 
spectrometer has shown a drift of the order of 1 percent during a 
period of one hour. It has been determined that the mijor part of 
the drift originates in the addition circuit. The pulee-height 
analyser itself is stable to 1 percent over a peried of several 
hours 
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ITI. SELECTION OF PATRS 


The principle of selection of pairs created in the converter 
and refection of Commton recoil electrons is accomplished by a dis~ 
eriminator in the outout of writ No. 2 (D2 of Figure |)}). fairs are 
moetly emitted in the forward direction with the mean angle of 
bipartition given to a clese aporaximation’- by h, = ms? fin, where 
me? = 0.51 Mev, ari Eo « photon onergy less 1.02 Mev, The colli- 
sien ensrgy less per om for l- to l5<-lkv electrons 1a constant with 
in 10 pereent 4f the density effect”? 4 included. Hence, to a first 
apprexinmation, a oair will lose twice a= much energy in scintillator 
No. 2 es will e Compton recoil electron. Therefore, we require that 
a minis energy loss te sustained in scintillater Ne. 2 in order to 
record a coincidence with scintillator No. 1, resulting in addition 
of the energy lost by collision in Nos. 1 and 2, am! yielding a 
pulse whese height 49 limarly proportional to the energy of the 
imcident photon less 2.02 lev. 

For l7-Mey incident x-rays one would exneset that D2 would do 
& good job of separating out the vairs. Ficure 9 is an estimate of 
the pulso-height distribution for the 17.6-Nev incident gamm. Appen- 
dix.I describes the method of obtaining this figure. One need only 
set D2 at 1.15~itey energy loss in order to insure adequate pair selec- 
tion. 
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Ficure 9 


Calculated Differential ergy Distribution Curves 
for Seintillator No. 2, 1766 Mev, 16=mil Pb Converter 


The method of caleulation of the curves is exe 
plained 1n Appendix I. The contribution to 
the distribution by pairs and Comton recoil 
electrons formed in the scintillator itself 
has not been taken into account. 
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At 6 Mev, a worthwhile estimte of the pulse-eigit distribu- 
tion for seintillater No. 2 could only be obtained by a detailed 
"Monts caren calculation, which has not been carried out. It is 
more difficult to separate the pairs at 6 Mev than at 17 lev. 

Fairs and Compton recoil electrons may originate in scintilla- 
tors themselves. If these electrons originate in scintillater Ye. 1, 
a coincidence will not be recorded. If they originate in the anti- 
coincidence mit, they will lose enourh energy to tri¢rer the anti- 
coincidence circuit and a coincidence count will not be recorded. 
However, if these electrons originate in scintillator No. 2, the pos- 
sibility existe of recording a coincidence coumt. For comarison 
purposes, we examine the relative probabilities: 





TABLE I 
as WN 
lead Seintillater . 

Process Convarter Noe 2 _7t Reference 
Conpton Oo 009 6 25 
Pair 1.0 Oel 6 Lib 
Compten 0032 0039 17 25 29 
Pair 2el 0025 17 29 


Any wairs oricinating in unit No. 2, which loss enough energy 
in seintillator No. 2 to trigcer D2, will contribute to a sharp reso- 
lution fumstion. However, any Compton recoil electrons which are 
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muiltinly scattered in scintillator No. 2 so as to trigzer unit Ho. 2. 
(increased peth length, increased energy loss by tontisation) will 
result in the broadening of the shape of the spsctrum, particularly 
on the low-energy side, because of the continuous Compton distribu- 
tion. Cuslitetively, it is seen that only low-energy Compton recoil 
electrens have « large probability of miltiple ecattering which, 
combined with their larger angle of emission (Appemiix I), make this 
group the moet troublesom. liance, one way of cutting dow the love 
energy teil resulting from the Compton effect is to raise the bias 
of Dl or reduce the thickness of scintillator Noe 2. 
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IV. FUNCTION OF SCINTILIATOR NO. 3. 


Up to this point, it has been unnecessary to diseuss seintil-~ 
lator Yo. 3 as the operation of the svectrometer as desicned only 
requirss uit Noe 1 and wilt Noe 2, as previously described. At the 
near surface of scintillater No. 2, there my exist a high-level 
electron backrround. Moet of these electrons come from the esllM- 
matOrs 

For a lvsilew incident camme-rny, this laree number of seat- 
terad electrons is an order of meenituce larger then the mumber 
ereated curposely in the converter. ‘Some of these electrons will 
lowa a sufficiont emount of energy in scintillator No. 2 te contri- 
bute to the coincidence combing rate. 

One can pet rid of these electrons either by a mmnet or by 
a third seintiDator in anticoincidence. Tho setting of the dis- 
erimimtor on mit No. 3 is not eritical. D3 is set so that e mini~ 
mum doniginge particle in cassing straight through scintillator No. 3 
causes the anticoincidene cireult to operate. 
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Ve RESOLUTION 


Ideally, a monochromtic S= to 17-Yev x-ray will interact 
with the converter forming pairs and Compton recoll electrons. As 
previously discussed, scintillation unit Yo. 2 will discriminate 
against the Comton recoil electrons, and pairs only will be recorded 
as coincidence counts, resulting in a single pulse height correspond- 
ing to FE, ~ 1.02, where Fis incident moncenergetic x-ray energy in 
Mev. Resolution is defined as the width in Mev at half maximum 
divided by the peak energy in Mev. 

The resolution of this spectromter is determined by the fol~ 
lowing factors: 

le Light collection and photomiltiplier statistics; 
2. Radiation energy loss in the scintillators; 

3e Electron escape from the scintillators; 

he Energy loss in the converters 

5. Capture of one or both anthilation quante. 


LIGHT COLLECTION AND 
PHOTOMULTIPLIER STATISTICS 
17 


The absorption cf light is smll = in plastic scintillators, 
such as "Pilot B." Photomltiplier statistics can be treated in 
good apprexination??s31s52 ay a statistical fluctuation in the num- 
ber of photoelectrons at the first dynode of the photosmmltiplier. 
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Mark and Goldring)3 nave measured tho resolution of the ¢s437 
62l-kev internal conversion lim, using "PLlot 8” scintillator ani 
have obtained a value of 15 orrcent, as compared with 7 percent for 
Nels This result implies an average of about 60 vhototlectrons per 
Mev energy loss in the scintillator. 

Usine this firure of 60 photoelectrons per Mev emrgy loss and 
assuming that the licht collection efficiency for scintillator No. 2 
is half that for scintillator No. 1, we arrive at the fellowing con- 
tributions to the energy resolution of the svectromter resulting 
from light ccllection an! photoamltivlier statistics: 


: Resolution 
auke {Peneent.) 
6 Ui, 
10 10 
‘1? 7 


RADIATION ENERGY LOSS 

Electron energy loss by radiation does not contribute to scin- 
ah give the probability, »,, 
that an electron traversing + radiation lengths will have an enerry 
loss less than «a tims ite initial energy (neglecting loss by ionize- 


tillator flucreseenca. Bethe an? Heitler 


tion) as: 
gt/log 2 
P, = — 
(t/log 2): 
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where ¢ 41s the thickness in radiation lengths’’. A plot of this 
function for a 10-Mev electron traversing its total range is shom in 
Ficure 10. If ionisation losges anid variation of the radiative loses 
with energy are taken into account?” » the effect will be to decreass 
further the low-energy tail. Examination of the energy distribution 
of the pera??? reveals that the low-energy tail will be further de- 
ereased; and, consequently, radiative loss at l7-lev incident xray 
energy will not aporeciably affect the resolution. Pairs from a 


6uley incident x=ray will have neglicible less by radiation. 


ELECTRON ESCAPE 
Some of the electrons and positrons way escape from the scin~- 

tilletor. In calculating electron escape probability, the electron 
or positron was assumed to enter scintillator No. 2 at an average 
angle 9, (see Appendix I). The gaussian approximation of Rossi and 
Greisen”! for the lateral displacement was graphically integrated 
teking into account the energy leas by collision. The mean souare 
angle of scattering in the geuseian anproximetion”’ iss 

tes 

2 p*a* 
where the maning of the symbols is given in Appendix I. Thus, we 
find that a 15—Mev electron has an 1° percent probability of escan- 





ine with more than 1.5 Mev. Weighting the escape probability with 
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Electron Energy Lose ty Fadiation 
This curve is the differential probability 
of energy loss by radiation for 100 10=}ev 
electrons traversing 0.15 radiation lengths 
in carbone 
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the pair energy distribution funtion? gives the anvroximate reso~ 
lution caused by electron escape. This is negligible for a S—Mey 
x-ray, of the order of 6 percent for the 17~Mev incident x-ray, and 
a rapidly increasing function of energy above 1S5-Mev xeray energy. 
Tho length of seintillator No. 1 is equal to the yang” of a 16- 


Mey electron. 


ENERGY LOSS IN THE CONVERTER 

The electron pair created in the converter loses emrgy in 
the converter and in the aluminum foil before entering the scintil- 
lator. This energy loss is not a constant, and the fluctuations in 
this energy loess contribute to the energy resolution of the spectrom 
eter. The fluctuation of energy loss occurring when electrons pass 
through absorbers that are thin compared with their renge has been 
exve rimentally measured”? and found to agree with the Jandau 


0 
uery” « The net effect of mitiple seattering is to increase the 


relative mosber of low-energy electrons’ °, The rms fluctuation in 
energy loss can be most easily calculated using Yang's 4 correction 
ani assuming the gaussian distribution for the multiple scattering 
(see Appendix I). Proceeding along these lines, we calculate a root 
mean square energy loss, which, when divided by the electron energy, 


gives resolution. 
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The aluminum foil used to wrap the scintillator haa a total 
thickness of 3 mils. At 6 Mev, the emrgy less calculated as sut- 
lined ebove is of the order of 1 nereents; et 17 Mev, thie loss is 
negligible. 

The converter can be aporoxrimted as an electron point source 
covered with a foll of half converter thickness. The angular distri- 
bution of the electrons in pair production will in gemral heave the 
same effect as multipls scattering; that is, electrons will not trevel 
a constant straight-line path through the foil but will be distributed 
im direction (hence, path length) according to the pair production 
angular distribution. Since a characteristic angle of emission (sce 
Appendix I) is inversely propertioml to energy, as also is the root 
mean square angle of scattering, the ratio of these two angles is 
roughly independent of ecmrry for a given converter thickness. No 
gain in resolution can be achieved by reducing the converter thick 
mesa beyor! the point where the root man square scattering angle 
beeoms equal to the average angle of pair emission. 

Assuming an everage electron erergy equal to one-half 
(E., - 1.02), where E, is incident xray energy in Mev, the follow 
ing results are obtained for a lé-ail lead converter: 


: Ragolution 

mn (Percent. ) 
6 Ls 

11 507 


17 305 
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The effect of radiation loss in the converter is smller than 
the above. 


CAPTURE OF ANNIHILATION QUANTA 

Capture of an appreciable fraction of the annihllation quanta 
in the scintillator will impair the energy resolution of the spec- 
trometer. 

The fraction of gammuaeray energy cissiveted by a narrow beam 
in passing through the acintillator is not the sam as the fractional 
loss of intensity. It is necessary to multiply the probability of 
each interaction process (Commton and vhotcelectric) by the probable 
fraction of the photon energy actually dissipated in the absorber as 
a result of the process. Using this method, one takes the valve of 
the energy absorption coefficient to be 0.029 en /em at 0.51 Mew for 
"Mot 3° seintillaters (Fano!?), 

The method used to calculate the orobability that at least 
one annihilation quantum is absorbed is as follows: Asswm an aver~ 
age ancle of pair emission and that the range of the elewtren is 
approximately that for aluminum. (The energy less in mica, carbon, 
and air is not significantly different from that in the sam weight 
of aluminun? 3.) From this stopping point, assuming the quanta are 
isotropically emitted back-to-back with equal energies’, we estab~ 
list an average solid angle and an average path length. From this 
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1s caleulated the average ermergy absorbed by the scintillator, taking 
into account the energy distribution furmction ef the pair electrons. 
At 17 ev, about L pereent of the ennihilation quanta are absorbed 
in the scintillator and about 7 percent are absorbed at 6 ev. 


SUMMARY OF EXPECTED RESOLUTION 

To sumearise thie chapter, assuming that the processes above 
are statistically indepenient’*, one arrives at the following values 
for the expected resolution of the spectromter when using a l6—2il 
lead converters 
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By ( Feroent e ) 
§ 


20 
10 12 
17 10 


_ 
they, ete, oy here, wee, SET? oe heer ~ 
ee 
en ee er en 
Som) temas rs army ta RR 


ow wee te BK = Lee « *§ =a, 










































cow os ¢ Sher ne 

ope ware 89 Hee eae atte a oP - 
: - ate IR Oe 

ites — 5 nat bn atieteers intone oY wt 
el G Pim 

“weds @ oa er 

——- _ 








oo ot we egy Se em ne eee 
ree ee Que Se ee me 
Aetp a aramee< — a -— ee 
ee ee 
ete evil ee eee ee aT 
—rer oo owe es ee ee Se ae 
ewe ad S eee ae et OD ee eS 
re eee i <P a Gime 
mee ee ew ee 
We ee ees 10 
ee ee 
ee ew? eel i es Oe eee te eee os al 





14 ) ~J2— 


VIe GALIBRATION AT THE ROCKEFELLER GENERATOR 


The spectromter is calibrated by weing two camra-rays of 
known energies to nrevide the two points necessary to draw the 
linear characteristice’"* of the seintillator. Since there are 
no available moncensrgetic gamm sources about 5 Mev, it is neces- 
sary to utilize seme-rays from muiclear reactions. The sovree of 
gammrrays pererally used fer this tyne of work is from the proton 
berbardment of licht elements. 

The source of protons for testing the spectromter was the 
MoI.T. Rockefeller electrostatic gererator. This generator is 
capable of delivering a magnetically amlysed (to within 0.1 pex 
eent) proton beam of 5 microamperes, continuourly variable from 0.7 
to i Mev. The output proton current is determined by 2 vroton bean 
current integrator. The area of the proton beam at the target is 
about |, square millimeters, so that for the purposes of this expori- 
went the gamm-ray originates froma point soures. Figure 1] shows 
a photograph of the spectrometer and proton target. A ecale drawing 
showing distances from the source is given in Firure 2. 

In view of the difficulty of preraring thin proton targets 
that will physically withstand high proton bombardment current, it 
was decided to use thick targets. Tarcetholders were made of 10- 
mil aluminum disks 2 inches in diamter. A 1/16 inch deep 1/2 inch 
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Figure ill 


The Syvectromter in Place at the WIT Rockefeller Generator 
This figure is a photerraph of the spec- 
trometer at the Rockefeller generator as 
it was located for testing and calibra- 
tion. The proton target is shown in the 
right of the photograxch. 


“- 


te min ie ae eo  maillye “o8 . 

- <# 

{_ ro @€ a << ae —eyee o- 
71'8 i eE—s > — «= -—~ @ =e ome 
aaa eh? «oe @ «& — te 
— ws es |. —> fi — ~~) —— aay seit Sey ly 


CA EE EE AM a ie 
es APeem 4) st & a 















= 
tT RE eenie TR mr te wont 
Te 
en Neen wht 86am 


er oF - * . ' 
le i eat al = 
ed my 


ee ee ee eee «eee 











- 

c—~ iu sae” ame wee 
rar one re © «§ Gems -~ sole @ . 
eo ee" eee ae fe See a val 
a eee oe oF 
ie ef ey) eee © eee) «| ee Ce 








diameter recess was formed in the center of the alumwimum disk te 
hold tha target meterial. Using the sam die used to mikes the 
depression, the target material was preesed into the recess. This 
metho? proved satisfactory for all materials other than boron. The 
Be sample was cbtained through the courtesy of Professor J. T. 
Norton, Metallurgical Department, M. I. T. It was in the form of a 
3/16 inch thick sample, hot pressed in a grephite die. 

A list of onergy standards used and references giving the 
yields end gammeray enargies follozs: 





TABLE IT 
Yield 
Ce me, 
Ene (/10” 
(Mev Protons ) Re forence 
1? 14.7 ? 12 
12.12 hy 2 
b; oh. lL, 12 
CaF 1.015 6.13 590 h,12 
70 200 h 12 
li Metal 1.15 17.6 20 gb 
Us 08 30 h,26 


To @ first approximation, the oounting rate of the spectrom 
eter is the fraction of golid angle subtended times the probability 
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of producing a pair in the converter times the rate of emission of 
gamma rediation. Tha actual efficiency of the counter must be 
determined by exneriment, since the efficiency is an wmimown function 
of D2 and D1 settings, as well as the incident x-ray emray. 

Taking into consideration target conditions, pair cross sec- 
tion, and solid angle which odtain at the Rockefeller generator, it 
was datermined that the approximate times to record 1000 counts are 


as follons: 
Target ie. 
Ca¥ 10 min 
ia 1 hour 
5, 1 hour 


The danger of contaminating the Rockefeller generator imposes 
a proton current limitation when bombarding lithium targets; this 
limitation 1s not present with B.C. This fact, coupled with the for- 
mtion of LiCl at the surface, reduces the maximum attainable lithius 
yield by about a factor of 10, which effectively gives the sam ob- 
taineble couting rete for lithiua and boron. 
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VII. DISCUSSTON OF EXPERTIENTAL RESULTS 


EWERGY CALIBRATION 

The calibration of the spectrometer is in term: of the 
pulser voltage. Ths raw data are, however, recorded in term: of 
chamel munber. The channel rusber (C) is related to voltage bys 


Ce r(V,, + Kv.) (1) 


where V,, and V,, are immt pulse heights in velts to the addition 
circuit from unite Nos. 1 and 2, respectively; K' is an amplifica~ 
tion factor determined by the paramstera of the addition circult. 
Aseuming linearity as far as the addition circuit, equation (1) my 
be written: 


C = ¢(V¥) 


where Y= 3(V, + KVp)3 V, and V, are the output voltage of scintil- 
lation units Nos. land 2, respectively. V is a pulser voltage, ani 
the factor of 3 comes from the rarancters of the circuit in which 
pulser and photomitiplier sicnals are mixed. 

A typical calibration curve, ziving C = ¢(V), is shown in 
Pirure 12. The calibration curve is masured both with Vo « 0 and 
5 = Vy in order to determine the addition factor K. The value of 
K ordinarily used was 0.1.50 and was stable to 0.5 percent for sev 


eral hours. The nonlinearity at the umer end of the curve shown in 


at- 
TT TVA H OPM, I. C- 


LE ferwRTiAD yo 
atoms adhere — 











. paneer Cpt ay Ib opin eal 4 


Ww <i. ae +0 “Ura — to om 


teilie\ oe 


toltibbs wid of edLew mt atta bred exter dommb ere Va 7 ormin 
~eoltifors ne el 'X PYlevirvewee: .§ bes [ . coll e¢ low mort Stuyzto 
stiverts mokdtihe ate Yo wreyemerme a yi Beatrretah mies? molt 
yur (£) catteves ,pbrewts machetes et es amt we yirvecntt prubmraes 


ee ee ee | - ane 

IT ee neta pe ~re 4s 
wet O60 ue tet a oe Ge et ce se wl 
spin amt tt ong om gF 1g at. Lae 
OS SS Se ey eee a 
Oe at smie 2 eres Me re wee 


shentn ore aléee te cnebiqid Lome ted fone rotten 

mi meets ot (Fg + D patris porwwe motterttise [entry A 
bas O~ QV dita dew hewenw ? rue meitertiise aff Sk wom tt 
to eolev ect .¥ todas? moltibie otf ethreateb of rab wo rt y-) 
~vee wot snerre, 2.0 ot afdaye ese ins 021.0 usw bees Ylivantbw % 
Ak swords erry et? lo bre seep acd on wivasntfionn off .ewort [ere 










Figure 12 


Calibration Curve 
Shorn here is @ typical calibration curve 
made before, during, and after each rune 
Raw data are in the form of cowrts per chan- 
ml ae a function of channel mumber. Data 
are converted into counte per voit as a 


function of pulser voltage. 
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Figure 12 coma from overloading the stage of amplification just 

before the pulse-height analyzer. The nonlinearity in the lower 

part of the curve coms from diode nonlinsarity in the pulse-height 
The mergy of the incident x-ray is: 


R, ~ 168 + 5, + B, + &, : 


where E, ani E, are energy losses (in Mev) in scintillators Nos. 
land 2, respectively, and E, is the most probable energy lost by 
electrons ani positrons in the lead converter (about 0.5 Mev). 


Vv Vo 
yet B, +k 2. 5,. 


By Eo 


The ratios V,/E, may be controlled by varying the photeml~ 
tiolier high voliage. 

The sam nercative power suoply fornished the high voltage 
for Noe 1 ami Noe 2. This supply was stable to 0.1 percent for 
periods of several hours. Both photomltinliers were operated at 
~70 voltae 

Calibration was aecomplished by varying the addition factor, 
K, until the peaks from the G-Mev fluorine line and the 16-Mev 1,0 
lime fell in the correct relative positions (see Figure 13). 
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Figure 13 


Energy Calibration 
Curve No. l was obtained by proton bombardment of a 
thick CaF target; curves No. 2 by proton bombardment of 
a thick BC target. A 16—mil lead converter was used 
for both curves. The boron curve (No. 2) from 1.5 - 
2.5 volts was obtained with poor statistics and nor 
malized to match the 2.5 ~).5 volt section. There 
is some evidence of the l2~ifev line at 2.3 volts. 
The anticoincidence cirewlt had not been designed 
when these rums were made. 
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FIDORINE EONS 

The low-erergy limitation of the snectrometer is imposed by 
the rapid decrease of the vair production cress section with de- 
creasing enerrcy, combined with the increase in Compton cross sec-~ 
tion. At about 5 Mev (where these two cross sections are about 
equal), the resolution of the spectrometer is limited by the 
inability of discriminater No. 2 to perform its designed function; 
that is, separation of the dowbly ionising pulses of the pair proc- 
ess from the singly ioniging pulses of the Comton recoi{l electrom. 
Figure lj illustrates the lack of a definite separation between 
pairs ari Compton recoil clectrons for 6Iby incident xerey energy. 
A sufficiently thin comverter with a very thin scimtillator Noe 2 
would perform this function at, say, 3 Mev, since multiple seatter- 
ing in the converter amd in the scintillator, with consequent in- 
creased fluctuations in the energy loss, would be minimized. A 
point is reached, however, where Licht collection difficulties and 
photomltiplier statistics impose a lower erergy limit +o the use- 
fulmess of tho spectromter. 

Figwy 15 illustrates the effect of chances in spectrum 
shape with changes in Dl. In order for the enectrometer to func- 
tion, 4t is necessary that there be a region where changing D1 does 
not mterially affect spectrws shape. Figure 15 illustrates that 
such a plateau does in fact exists that is, changing Dl from very 
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Figure 1; 


Pulse—Neight Distribution for Scintillator Ne. 2 at 6 Mev 
This curve was obtained ty the proton bombardment 
of a thick CaF target wsing a lSmil lead conver 
ter. The standard statistical errors of the 
points are imiicated to the richt of the cirve. 
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Figure 15 
Effect of Changing Discriminator Noe 1 


All curves in this Pigure were obtained 
by proton bombardment of a thick CaF 
target using a 14—mil lead converter. 
These curves are normlized to the same 


number of vrotone incident on the target. 
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low to 0.2 volte does not affect the position of the peak or the 
resolution. Dl at 0.2 volts recuires at least l~lev energy loss in 
scintillator No. 1. 

Figure 16 illustrates the change in efficiency of the spec- 
trometer with changes in the setting of diveriminator No. 2 at 6—\ev 
incident x-ray energy. These curves were all made with the same 
setting of Dls that is, 0.2 volts, and normalized to the same num 
ber of protons incident on the F/9(p,a'y) target. Hence, the ratio 
ef the areas uncer the curves of Figure 16 gives directly the ratio 
of svectromter efficiency for the given discriminator settings. 
Theee ratios are 1:2:3.5, in agreement with the shave of the distri- 
bution curve for scintillator No. 2 shown in Figure U:. The curve 
for D2 = 0.8 volte corresponds to an efficiency of 8 x 1073 for 
Gul incident x-ray anergy, l6—mil lead converter. 

Considerine the contribution of the 7-Mev fluorine line, the 
resolution at 6 Mev is about 25 pareent, which is about the resolu- 
tion predicted in Chapter V. The lowest energy at which the present 
spectromter is useful is 6 Mev. To reduce this limit, to improve 
the resolution at 6 Mev, and perhaps more important to obtain a 
better plateau of efficiency as a function of D2 would require a 
thinmer lead converter and a thinner scintilletor Noe 2. 
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Figure 16 


Effect of Changing Mscriminater Mo. 2. 
Ail curves in this figure vere dbhatned by proton bom : 
“bardment of a thick ~~ tarent, using & ats lend 
converter. These curves are normalized to the same 
number of protons none = ‘the —_ in order to 
illustrate the change * officionsy as a function of 
d@iseriminator setting. ‘the standard statiatical 
errors of each point are indicated to the wight of 
the curves. \Y } 
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Figure 16 


Effect of Changing Discriminator No. 2. 
All curvea in this fieure were obtained by proton bom 
bardment of a thick CaF target, using a lé6-mil lead 
converter. These curves are normalised to the same 
number of protons incident on the target in order to 
illustrate the change in efficiency as a function of 
discriminator setting. The standard statistical 
errors of each point are indicated to the right of 


the curves. 
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HICH-ENERGY RUNS 

The difficulties apparent in the high-energy region, as 11llus- 
trated by Figure 13, led to the necessity for design of the anti-~- 
coincidence circuit. Figure 17 illustrates the difficulty in dis- 
tinguishing singly and doubly ionising events with the anticoinci- 
dence scintillator out of the circuit. This figure also demonstrates 
the apparent success of scintillator No. 3 in eliminating high back- 
ground effects which mak the expected doubly ionizing peak caleu- 
lated and shown on Figure 9 of Chapter ITI. To date, the only rus 
wade with the anticoineidence unit in operation vere the oulse- 
height distribution in scintillator No. 2 shown in Ficure 17. 

The prediction in Chapter V regarding electron escape and 
wadtation loss from scintillator No. 1 should be experimentally 
verified by a high-ensrgy electron 3% » The highenersy limit 
of the spectromter is imosed as a result of rapidly increasing 
electron escape probability with increasing energy above 15 Mev. 
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Figure 17 


Effect of the Anticeincidence Cirevit at 17 Mev 
The curves shown were obtained by oroten bembardment 
of a thick lithium mttal terget, using a 16~mil lead 
converter. The need for the anticoincidence ecireuit 


at high xeray energy is illustrated. 
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VITIe SUMMARY 


An atteapt has been made to design, instrument, ani calibrate 
an x~ray scintillation oair spectromter canable of 10 percent resolu 
tion et 10 Nev. The spectremter is designed for use at the 4%. IT. T. 
limear accelerator and consequently must span the 5- to 17=.ev x-ray 
energy regicn. This threes scintillator telescope arrangement relies 
on the ability of a thin plastic scintillator to distinguish the 
doubly ionising pulses originating in the thin lead converter as a 
result of the reir process. 

Careful study of the 6=iev fluorins camm-ray has shown: 

le That the observed resolution of 20 to 25 percent is 
in agreement with predicted values for the thickness of the lead con 
verter and plastic scintillator useds 

2e That coincidence pulses are doubly ionizing events, 
and 3 

3e Better resolution can be obteined by uring a thinner 
lead converter and thinner plastic scintillator Ho. 2. 

Study of the high-energy incident x-ray region, using the 17-%ev 
lithium cemm-ray, demonstrated thet an anticoincidence circult was nec~ 
essary to distinguish dovbly ionising evente. Subsequent experimntal 
Observations of the pulse height distribution in scintillator No. 2 
pointed to the apparent success of the anticcincidence circuit. A pro~- 
gram similar to that performed at 6 Mev remaing to be carried out at 
17 Mev to determine optimum opereting conditions in this ererry mgion. 
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APPENDIX I 


CALCULATION OF DIFFERENTIAL ENZROY LOSS DISTRIBUTION FOR SCINTILLATOR 
Noe 2 AT 17.6—Mev INCIDENT K-RAY ENERGY 


Using the electron energy distributions riven by Johns et 017! 
in tabulated form for l-Mev energy interwals (17.6-Mev incident x-ray 
energy) and the angular distribution in terms of the electron energy, 
4t is possible to calculate a theorstical enerry loss distribution 
curve for scintillator Mo. 2 in the following manner. ‘The angle a 
Compton recoil electron mies with the incident pheton is fixed for 
@ given photon energy by the relation?> 


ton’ fe ~ a(yfi ~ 1) -1 
(1 +0)" 
wheres 7 = energy of incident photon in iv; 
E = energy of recoil electron; 
a = y/me*; 
me? = electron rest mos, 0.51 Mev. 


The average angle between the direcotion of motion of a created 


electron (positive or negative) and of the photen is’ 


moe 
_ 


as 





@, = 


where E is the energy of the electran. 
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Once the clectron enters the scintillator, it no longer 
travels in its initial direction given by fs or 6,, but is sub- 
jected to single and miltiple scattering. One method of finding 
the actual path length of electrons has been discussed by Yang, 
Yang uses a correction A such that t' = t + 4, where t' ia the 
actual path length and t is the fo1l thickness masured in radia- 
tion lengths’. 


wounds * t°ia2 
9 
Lps® 


where Ea = cheracteristic energy = 21.2 levy 
P ® electren momntim in ev; 
§ = velocity of electron in wits of the velocity of light. 


This result was derived from the gaussian approximation of 


Reset’ but, could he obtained from the exact numerical solution of 


Snyder and Seott?”, Tt is felt that the gaussian approximation is 
of reasonable aceuracy for these calculations and will be used 
throughout this paper when investicating multiple scattering ef- 
fects. Usins the above formula and the collision loss as a fune~ 
tion of energy given in Johns et ah it was possible to prepare 
the histogram shown in Figure 9 for the 17.6—Iev lithium gaum-ray. 
The Comoten cross section at 17.6 Mov was obtained from Davis- 


gon and Bvans> but, since the observed pair production cross sections 
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for lead above 5 Mew differ as much as 10 rereent from the caleulated 
valves, the value for the vair cross section was the experimntal 
value obtained by Walker’, 

The energy lesa of the electrons in the converter has not been 
tealmn inte account in any of the curves shown in Figure 9. Hough?? 
gives the probability of emission at an sngle greater than 4, (for 
large angles) as roughly: 


ety 
E 1 = coe 0, 

where = is the energy of the observed electron. From this, it can 
be seen that the actual pair angular distribution will spread the 
energy lose in scintiliator No. 2 out towercsa tha higher energy 
(Longer actual path length). The Minite resolution of the phote- 
multipifer will spread the distribution ont om both sides of the 
peak. The resulting qualitative curve is shown in Figure 9. 
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